The planned DUNE experiment will have excellent sensitivity to the vector and axial couplings of the electron to the Z-boson via precision measurements of neutrino-electron scattering. We investigate the sensitivity of DUNE-PRISM, a movable near detector in the direction perpendicular to the beam line, and find that it will qualitatively impact our ability to constrain the weak couplings of the electron. We translate these neutrino-electron scattering measurements into a determination of the weak mixing angle at low scales and estimate that, with seven years of data taking, the DUNE near-detector can be used to measure sin 2 θW with better than 2% precision. We also discuss the impact of combining neutrino-electron scattering data with neutrino trident production at DUNE-PRISM.
The planned DUNE experiment will have excellent sensitivity to the vector and axial couplings of the electron to the Z-boson via precision measurements of neutrino-electron scattering. We investigate the sensitivity of DUNE-PRISM, a movable near detector in the direction perpendicular to the beam line, and find that it will qualitatively impact our ability to constrain the weak couplings of the electron. We translate these neutrino-electron scattering measurements into a determination of the weak mixing angle at low scales and estimate that, with seven years of data taking, the DUNE near-detector can be used to measure sin 2 θW with better than 2% precision. We also discuss the impact of combining neutrino-electron scattering data with neutrino trident production at DUNE-PRISM.
The standard model of particle physics (SM) is a relativistic quantum field theory characterized by an SU (3) c × SU (2) L × U (1) Y gauge symmetry, corresponding to the color, weak-isospin and hypercharge interactions, respectively, along with a set of fermion and boson fields which describe the elementary particles observed in nature. Free SM parameters -the gauge couplings, the Yukawa couplings, and the parameters of the scalar potential -need to be determined by comparing the results of theoretical computations to a finite set of the experimental measurements.
The weak mixing angle θ W (or, more precisely, its sine-squared, sin 2 θ W ) parameterizes several measurable quantities, including the ratio of the masses of the weak gauge bosons, several weak-interaction cross sections, and parity-violating observables. It is a crucial ingredient of the electroweak precision observables, a set of experimental observables designed to test the internal consistency of the SM.
The exact definition of the weak mixing angle depends on the renormalization scheme, that is, the convention of which quantities are taken as input and which are derived from these inputs, along with the recipe for handling quantum corrections. As quantum corrections are relevant, sin 2 θ W depends on the scale at which it is being measured. For example, in the modified minimal subtraction scheme [1, 2] , MS, the weak mixing angle is defined in terms of the weak gauge couplings
where g and g are the coupling constants of SU (2) L and U (1) Y , respectively, and µ is the scale of the physical process under consideration. The SM predicts, under a specific renormalization scheme, a unique scale dependence for sin 2 θ W . This dependence has been confirmed by precise measurements at very different en-ergy scales, including atomic parity violation, electronproton scattering, Möller scattering, neutrino-nucleus and neutrino-electron scattering, electron deep-inelastic scattering, and the Z-and W -boson masses (see Ref. [3] for a comprehensive review).
The NuTeV result [4] , the most precise measurement of sin 2 θ W using neutrino scattering, stands out from the other measurements. Making use of measurements of the ratios of neutral to charged-current and neutrinonucleus to antineutrino-nucleus cross sections, they find sin 2 θ W = 0.2407 ± 0.0016 (in the MS scheme) at an average energy scale µ 4.5 GeV. This measurement deviates from the SM expectation anchored by the more precise measurements at LEP [5] at the 3σ level. Effects inherent to the intricacies of neutrino-nucleus scattering, potentially unaccounted for or only partially accounted for by the collaboration, have been identified as candidate sources for the discrepancy [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . A definitive answer remains elusive. Regardless, it stands to reason that other precise measurements of sin 2 θ W using neutrino scattering will help shed light on the situation.
Next-generation neutrino experiments like LBNF-DUNE [25] and T2HK [26] include very intense neutrino beams with energies that range from several hundred MeV to several GeV. The neutrino-nucleus scattering cross sections, at these energies, have large uncertainties due to nuclear and non-perturbative effects [27] , making it very challenging to use them to infer sin 2 θ W . Neutrino-electron scattering, on the other hand, provides a more promising environment for precision measurements [28] [29] [30] [31] [32] . Even in this case, however, one still needs to address significant challenges. First, the cross section for neutrino-electron scattering is three orders of magnitude smaller than that for neutrino-nucleus scattering, translating into poor statistics in most neutrino experiments. Second, while the neutrino-electron cross section depends mostly on sin 2 θ W plus very small elec-troweak corrections [33, 34] , the neutrino beam originates from the in-flight decay of charged mesons, mostly pions and kaons, produced when high-energy protons hit a fixed target. First-principles computations of the meson production rate and kinematics are not possible and one must rely on phenomenological models and experimental data; uncertainties on the overall neutrino flux and energy distribution are at the 5% to 15% level [35] [36] [37] .
Near detector complexes are designed to circumvent some of the large uncertainties in the neutrino flux and the neutrino-nucleus cross sections and allow precision measurements of neutrino oscillations. These are expected to collect huge samples of neutrino scattering events. DUNE-PRISM [38] , currently part of the LBNF-DUNE proposal, is a near detector that is capable of moving in the direction perpendicular to the neutrinobeam axis. Although the neutrino flux has prohibitively large uncertainties, the ratios of on-axis to off-axis fluxes are dictated only by meson-decay kinematics and thus are much better understood. Therefore, measurements of the neutrino-electron-scattering spectrum at different off-axis positions should allow an unprecedented measurement of the weak mixing angle with neutrinos.
In general terms, the neutrino-electron scattering cross-section depends on the vector and axial couplings, g V and g A , between the Z-boson and the electron (see measurements performed by CHARM-II [39] , LSND [40] and TEXONO [41] ). We will estimate the DUNE-PRISM sensitivity to such parameters via neutrino-electron scattering data. A hidden but very safe assumption is that the cross-section depends only on the left-handed coupling of the neutrino to the Z-boson. The reason for this is that all neutrinos and antineutrinos used in neutrino scattering are produced in charged-current processes (π + → µ + ν µ , n → p eν e , D s → τ + ν τ , etc) and are, to a very good precision, 100% polarized. We will assume this is the case throughout. Lepton-collider data, combined with those from neutrino-electron scattering, for example, can be used to determine the right-handedcoupling of neutrinos to the Z-boson [42] .
The differential cross section for a neutrino with flavor α = e, µ, τ to scatter off an electron at rest is
where G F is the Fermi constant, E ν is the incoming neutrino energy, and m e and E R are the electron mass and recoil kinetic energy, respectively. The couplings g 1 and g 2 depend on the neutrino flavor and can be written in terms of the electron vector and axial couplings to the Z-boson, g V and g A , as listed in Table I . Assuming the SM, these can be expressed in terms of sin 2 θ W . More generally, if g V and g A are considered to be free parameters, they can be independently extracted from the recoil-electron energy spectrum so data from DUNE-PRISM are expected to constrain nontrivial regions in the g V × g A plane. (2)) as a function of the electron-Z-boson couplings gV and gA, for each neutrino flavor, along with the corresponding SM value.
Strictly speaking, the neutrino-electron cross section is also subject to quantum corrections that will introduce additional dependence on Q 2 ≡ 2E R m e [33, 34] . Kinematics dictates that the maximum recoil energy is approximately E max R E ν − m e /2. Due to kinematics and the energy profile of DUNE's neutrino flux, most electron recoil events will lie within 0.2 E R 10 GeV. Therefore, the Q 2 values accessible to DUNE are, roughly, in the range (10 − 100 MeV) 2 , where loop corrections to sin 2 θ W have little scale dependence [3] . In view of this, by analyzing the Q 2 distribution in detail, the couplings in Eq. (2) can be interpreted as the renormalized couplings in the MS scheme at an average scale
Assuming the SM, the cross section for ν µ −e-scattering is
(3) Since sin 2 θ W is close to 1/4, the first term is suppressed relative to the second one. This implies that the value of sin 2 θ W , to leading order, modifies the overall normalization of the ν µ − e-scattering cross section and the effect of changing sin 2 θ W is nearly degenerate with that of changing the overall normalization of the ν µ flux. A similar argument applies toν µ − e-scattering. The situation is different for ν e − e andν e − e scattering; sin 2 θ W has a significant impact on the shape of the recoil-electron energy distributions. It turns out, unfortunately, that, at DUNE, the neutrino flux is dominated by ν µ and the ν e contribution is relatively small, around a few percent.
In this context, DUNE-PRISM is expected to provide nontrivial information. In accelerator neutrino experiments, the ν µ comes predominantly from the two-body decay π + → µ + ν µ (and K + → µ + ν µ , to a lesser extent) while the ν e comes from the three-body decays of kaons and muons. For the same parent energy, the flux of ν e has a larger angular spread than that of ν µ so the off-axis ν e to ν µ flux ratio is larger than the on-axis one.
To estimate and put in context how well DUNE-PRISM can contribute to the precision electroweak physics program, we will compute the DUNE sensitivity to sin 2 θ W for both on-axis and off-axis runnings. For concreteness, we will assume seven years of data taking equally divided between neutrino and antineutrino modes. We assume a 75 ton fiducial mass liquid argon time projection chamber (LArTPC) and a 1.2 MW proton beam, as described in the DUNE Conceptual Design Report [25] . For the off-axis configuration, we assume the near detector will take data at seven different positions, one year in each configuration. The detector is assumed to be 574 m away from the source in the beam axis direction while its transverse distances to the beam axis are 6N meters, N = 0, . . . 6. The detector experiences at each position a flux that is approximately 10N mrad off-axis, respectively. Fig. 1 depicts the ratio of the number of events expected from ν e − e andν e − e-scattering to that of ν µ − e-scattering, in neutrino-mode running, as a function of the off-axis distance. As expected, the relevance of the ν e andν e -initiated events grows significantly with the off-axis angle. Note that, while the flux ratio is of order a few percent, the ν e − e-scattering cross section is larger than the ν µ − e so, even on-axis, the ν e contribution is of order 10%. To account for the energy-dependent neutrino-flux uncertainties and the correlations between the fluxes at different off-axis angles, we make use of a covariance matrix C, spanning all DUNE-PRISM positions and neutrino flavors, derived from detailed simulations of hadron production in the beam target followed by magnetic-horn focusing of charged particles [43] . We defined a test statis-tics
where D and T are vectors of Asimov data and expectation values, respectively, spanning all positions and bins. The binning is performed in E e θ 2 e , where E e = E R +m e is the total electron energy and θ e is the scattering angle of the electron relative to the beam direction. We consider a threshold kinetic energy E R > 50 MeV and perform the analysis in the range (0.05 < E R < 20) GeV.
The main background for neutrino-electron scattering is charged-current quasi-elastic (CCQE) ν e -scattering events, ν e A → e − A . Although the ν e flux is only a few percent of the total neutrino flux, the CCQE cross section is over 1000 times larger than that for neutrino-electron scattering. Kinematics limit the maximum value of E e θ 2 e for neutrino-electron scattering and we adopt the standard cut E e θ 2 e < 2m e to improve background rejection. LArTPCs have an exquisite angular resolution, of order 1 • , for electromagnetic showers [25] . With all this in mind, we have determined, numerically, that the CCQE background is negligible. Fig. 2 depicts the DUNE sensitivity to the vector and axial couplings, g V and g A , in the on-axis LArTPC (dashed green) or the DUNE-PRISM configuration (dark-blue). For comparison, we include existing measurements from CHARM-II [39] (gray), LSND [40] (dotted light-brown) and TEXONO [41] (dot-dashed light-violet). Both the DUNE on-axis and CHARM-II measurements suffer from a four-fold degeneracy; this is a consequence of the fact that the neutrino flux in both these experiments is dominated by ν µ . There is an exact degeneracy in the differential cross section for ν µ − e scattering under the transformations (5) see Eq. (2) and Table I , and hence an experiment with a pure ν µ beam is intrinsically limited. The TEXONO experiment measured electron recoils from electron antineutrinos produced in a nuclear reactor. The scattering cross section, in this case, is proportional to 3g 2 1 + g 2 2 , which defines an oblique ellipse in the (g V , g A ) plane centered at (−0.5, −0.5). The TEXONO result in Fig. 2 reflects this fact, up to effects related to information on the recoil energy spectrum. The LSND measured can also be understood by using similar arguments, taking into account that the flux of neutrinos at LSND consists of ν µ , ν µ , and ν e with well-characterized energy spectra from (mostly) pion decay at rest, followed by muon decay at rest. Current data are not able to rule out very small g A and g V ∼ −0.5 (region on the left-hand part of Fig. 2) In DUNE-PRISM, the presence of both ν µ and ν e , along with their antiparticles, is a powerful tool for lifting degeneracies without resorting to data from other experiments. To illustrate this point, Fig. 3 spectra of neutrino-electron scattering events for the first 5 off-axis positions. For each position, histograms corresponding to three pairs of vector and axial couplings (g V , g A ) are depicted: (−0.04, −0.5), the SM expectation (solid); (−0.48, −0.04), the leftmost degenerate region (dotted); and (0.47, 0.02), the rightmost degenerate region (dashed). It is clear that the rightmost degeneracy is lifted due to the higher ν e composition of the flux, as depicted in Fig. 1 . Error bars illustrating the statistical and systematic errors, are included for the SM case. DUNE-PRISM neutrino-electron scattering data, alone, cannot fully distinguish the SM from the leftmost degenerate region, as depicted in Fig. 2 .
Neutrino-trident scattering, when a neutrino scatters off a nucleus giving rise to a charged lepton pair, νA → ν + − A, where the leptons can have the same or different flavors, is also sensitive to g V and g A . 1 This scattering can be coherent off the electromagnetic field of the nucleus or diffractive off the nucleons themselves. Although the trident cross section is quite involved (see 1 Here we make the assumption that the electron and muon couplings to the Z-boson are identical. e.g. Refs [44] [45] [46] ), in the limit where the final state leptons are massless, it is proportional to the electroweak parameters (C 2 V + C 2 A ). For a ν µ beam, these couplings are [44, 45] 
The processes that lead to µ ∓ e ± tridents are purecharged-current and do not contribute to this discussion. Hence, measurements of e + e − ν µ -tridents -the statistically-dominant mode -constraint g 2 V + g 2 A while those of µ + µ − ν µ -tridents constrain (g V + 1) 2 + (g A + 1) 2 in the limit where the muon mass vanishes. A similar behavior is expected of ν e -tridents, with e ↔ µ, and those associated to antineutrinos. It is easy to see that, in the limit where the muon mass vanishes, all cross sections are invariant under g V ↔ g A . A finite muon mass, however, breaks the g V ↔ g A symmetry.
Due to the very high intensity of the DUNE neutrino beam, this rare process is accessible. Fig. 2 also depicts the measurement of (g V , g A ) from both µ + µ − and e + e − neutrino-trident events in DUNE on-axis (dashed purple) and DUNE-PRISM (light-blue), making use of the efficiencies estimated in [45] . Improvements on the reconstruction of di-electron or di-muon events would improve the determination of the (g V , g A ) couplings. The allowed region is not symmetric under g V ↔ g A since, as highlighted earlier, for DUNE energies, the mass of the muon is not negligible. Indeed, we checked that the subleading µ + µ − neutrino-trident event sample plays the decisive role here. Hence, the combination of neutrino-electron scattering and neutrino trident data in the DUNE near detector complex, assuming these are consistent with the SM, lifts all degeneracies in the g V × g A plane even if one chooses to exclude information from outside data. Assuming the SM, our results can be translated into a measurement of sin 2 θ W at Q 2 = (40 MeV) 2 . Fig. 4 depicts the value of sin 2 θ W in the MS scheme as a function of Q, obtained from a fit to existing data, together with our estimate for the expected DUNE and DUNE-PRISM sensitivities. The former is slightly better than the latter, but we emphasize that the on-axis measurement of sin 2 θ W dependents more strongly on the neutrino-flux modeling, while the DUNE-PRISM sensitivity depends more on the relative on-to off-axis flux uncertainties. Regardless, both measurements are estimated to be competitive with existing results.
In summary, we estimated that the future DUNE experiment will have excellent sensitivity to the vector and axial couplings of the electron to the Z-boson, and thus to the weak mixing angle sin 2 θ W , via precision measurements of neutrino-electron scattering. The sub-dominant ν e beam component in DUNE-PRISM, as well as neutrino trident events, play an important role in resolving degeneracies currently present in the world data.
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